The assessment of the total service life of steel constructions shall gain importance in the near future due to the increasing significance of building preservation and building modernization. The main cause for failure of existing structural steel constructions under cyclic loading effects is material fatigue. Most steel constructions are however failure tolerant. For economic reasons, this behavior can be considered by including the crack propagation phase into the assessment. In this contribution newly developed software tools and the results of some executed simulations of the total lifetime on existing structures will be presented.
Introduction
Already in the 19th century it was recognized that cyclic loaded metallic constructions could fail at lower loadings than under static conditions. In the field of mechanical engineering reliable methods to predict the service life of constructions always were important, because few machines have ever been designed for an infinite service life. From a financial perspective, the ultimate aim is to dimension machines in such a way that they resist the expected stresses for a specified design service life.
In civil engineering, fatigue assessment has achieved a growing importance for existing steel and concrete composite bridges. This trend is especially true for roadway bridges, which according to most design standards before the new EUROCODES became valid, were not obliged to have complete fatigue proofs performed, as this was only demanded for railway bridges.
In addition to these primary economic aspects, the sustainability aspect is gaining increasing importance for civil engineering constructions, particularly for bridges. In the near future much more of the budget will be spent for maintenance and modernization of the existing infrastructure than in extension and renewal [7] .
Related to this task is the most accurate detection of the residual service life of existing structures. This contribution reports on the state of development of software to determine the total service life of cycle stressed steel constructions at the University of Innsbruck.
Neglecting the corrosion effects, the total life of a construction is the sum of service life up to technical crack initiation and the remaining service life. The first part is covered by the mathematical concepts of fatigue assessments. For the remaining service life, the rules of the macro crack growth are valid where fracture mechanics concepts are suitable.
In this paper, software developed at the Institute for Structural Engineering and Material Science, Unit for Steel Construction, University Innsbruck is described, which is based on the finite element method. This software allows the user to: perform a fatigue calculation on the entire 3D structure include multiple cracks into an existing global FE model and simulate the propagation of each crack consider a much more realistic stress distribution in complex areas of steel structures compared to the results available from beam models (e.g. joints) consider a mutual influence and stress redistribution through the propagation of cracks perform a parallel fatigue life time and crack propagation simulation (total life).
This method requires the modeling of the entire global structure by a 3D shell model. Most steel structures are built up with cross-sections of thin-walled sheet metal structures. The stress distribution in such constructions can be computed very accurately with the finite element method (FEM) by the means of 3D shell models. The developed method for computing the total service life is limited to 3D shell models and isotropic material. The software has been implemented in the FE-Program ANSYS using the scripting language APDL (Ansys Parametric Design Language) and allows a semi-automatic process of crack propagation computation in the present stage. 
Fatigue -service life time up to detectable cracks
With the help of fatigue calculations, the repeatable numbers of load cycles are determined up to the occurrence of a technical incipient crack. Reversing this, the existing safety factors can be calculated for a given operation time. The latter method is primarily used for fatigue assessment of new constructions, conversely the remaining load cycles up to the occurrence of first cracks are of interest for the simulation of the overall service life of existing constructions.
Moreover, critical areas of the structure in which the occurrence of fatigue damage is to be expected can be identified. The results of fatigue strength calculations also provide information in case of existing or expected fatigue damage and help to design appropriate repair constructions.
The Due to the major influence of the residual stresses introduced by welding, other parameters such as steel quality and mean stresses are neglected in EN 1993-1-9. Only for non-welded or stress-relieved details in compression may the mean stress influence be taken into account by adding the tensile portion of the stress range and 60% of the magnitude of the compressive portion of the stress range.
To determine the maximum stress ranges n = max n -min n , software routines which are based on the theory of the critical cutting plane were developed, which allows for a spatial analysis. To compute the maximum occurring stress ranges n of each finite element, the stress tensor for each element of the entire structure and the load history are transformed into the direction n as shown in Fig. 2 . According to EN 1993-1-9, shear stresses may be ignored if < 0,15• n . This fully 3-D method is also applicable for 2-D problems with a significant reduction of computing time. With the knowledge of the stress ranges occurring in each finite element and the assignment of each element to the existing fatigue detail category, the allowable stress cycles and the existing safety factors against fatigue damage can be computed. Figure 2 exemplarily shows the distribution of the computed fatigue safety factors of a cable way bull wheel for (a) 2•10 6 and (b) 100•10 6 stress cycles which is equivalent to the numbers of bull wheel revolutions.
Constant amplitude stress conditions and stress-relieved welds are assumed for this example. The interaction of normal stresses and shear stresses can be neglected, because the shear stress ranges values are smaller than 15% of the normal stress ranges n . In this special case, the existing safety factor can be obtained by equation (2) .....
To take into account variable amplitude loading in the field of civil engineering the concept of damage equivalent factors is common and is applied in the actual stage of the software. With this concept, the responsibility to make an assumption of the load history for the structure during its entire life is transferred onto the code developers. The damage equivalent factor is defined as: The fatigue loads for civil engineering constructions are defined in EN 1991-2 for bridges and in EN 1991-3 for crane supporting structures. The damage equivalent factor can be obtained from the specific Eurocodes related to the type of construction (i.e. [2] , [3] or [5] ).
An additional example of the fatigue behavior of a cross beam of a railway bridge is shown in Fig. 5 . The figure shows the simulation results of fatigue verification according equation (5) and the observed cracks during a regular inspection. 
Crack propagation simulation -remaining fatigue life
Not all occurring fatigue cracks will necessarily indicate the end of the complete service lifetime of a steel construction. In damage tolerant structures, a redistribution of loads between components of structural elements will normally occur. For the determination of the remaining fatigue life, a simulation of the crack propagation based on fatigue loads effects on the structure is necessary. The calculation of the crack growth rate and the determination of the direction of crack evolution are the central tasks and are executed by using the fracture mechanics approach. Besides the crack extensions, the evolution of appropriate crack deflection angles at the crack tips must be integrated into the existing FE-model.
Routines were programmed, which perform an automatic sequence through all individual simulation steps. Basic values of the crack growth calculation are the stress intensity factors K at the crack tips and the stress intensity ranges K under cyclic loading conditions. In ANSYS [16] commands are included, which provide the stressintensity factors (SIF) for all three modes K I , K II and K III , but without sign. The sign of SIFs is required to compute the angle of the crack propagation direction and in order to consider crack closure effects. The developed software contains its own routines which gives the stress-intensity factors (SIF) including sign. Based on the limitation to thin shell structures and trough-thickness flaws, K I and K II are relevant only. The software includes four options to calculate the crack propagation direction:
Maximum tangential stress criterion [8] Model according to Richard [9] Energy release rate criterion acc. to Hussain et al. [10] Plane with dominant mode I Comparative analysis has shown that the mentioned methods provide similar results, but the latter two methods require higher computation times. Based on the available material parameters and the stress ratio R, most types of common analytical crack growth laws can be selected within the developed software. If only a few material parameters are available and the stress ratio R is negligible the Paris crack growth law (6) can be chosen [11] : (6) and (7) C and m, as well as the threshold value K th , are material dependent parameters. The following crack growth law, developed by Forman, Newman and de Koning and published by Forman/Mettu [12] is also known as "NASGRO equation": (7) describes all parts of the crack growth curve. In addition crack closure effects and/or mean stress dependence can be considered in the crack propagation simulation. In addition residual stresses are covered by equation (7), as this cause a shift in the R-ratio. More detailed information about the developed software is available in [14] and [15] .
The results obtained by the software are demonstrated by the example of an out of service cable-car bull wheel, see Fig. 6 . Determining the remaining service life, the phase of stable crack growth is considered to reach a given limit state. As termination criteria for the calculation loop the required maximum number of load cycles, reaching the material toughness K IC , excessive deformation or the exceeding of permissible plastic strain rates can be chosen for the entire structure with included cracks. When performing a calculation of the remaining service life the simulation model can be updated with fictive cracks or cracks detected at inspections. The simulation results can be used for creating improved realistic basis to determine the life span up to reaching the ultimate limit of the structure. In Addition, the crack propagation for a certain time interval, e.g. for the time period between two inspections of the construction, can be computed, in order to get information about safe periods of operation intervals.
If the occurrence of additional cracks could be expected during the crack propagation phase, a parallel computation of the fatigue strength and the crack propagation is required.
Parallel calculation of fatigue strength and crack propagation
The structure without cracks is subject to a fatigue calculation according to linear damage accumulation theory. The result of this calculation is the number of load cycles, which cause the first cracking and will be expressed by a damage factor of D d = 1,0. At this point, a crack will be incorporated into the structure and the area around the crack tip remeshed.
In the next calculation step the crack propagation is calculated with a predetermined crack growth increment according fracture mechanics concepts. Subsequently the determination of the cumulated load cycles is followed by a renewed strength fatigue calculation. If the damage factor reaches the magnitude D d = 1 again, an additional crack will be incorporated into the model structure. This loop will be repeated until the predefined limit state of the structure is achieved. Fig. 7 shows an example of a bridge deck after inserting a second crack. 
Conclusions
Performed calculations have shown that, according to the inaccuracies of the different approaches to crack propagation direction rule or crack propagation law, significantly less variation in the results arise as a real scattering of the material parameters. This stochastically distributed input data (loads and material properties) and gross simplification of the calculation model have significant influence on the results of the total lifetime simulation. It is therefore planned to extend the developed simulation tools operating with probabilistic methods, sensitivity analysis and calibrating on experimental tests.
Performed studies with the developed software will provide improved information for repair and maintenance programs, the optimization of inspection intervals, structure replacement and retrofitting. The fact that the software can be used for existing 3D shell models by making only minor adaptions opens the possibility for total life time simulations to be performed in a very economical way. Without considering the other potential benefits, information on the appropriate selection of required execution classes of the structural components according to EN 1090-2 will be provided, due to the simulation showing the extent of damage tolerance.
It should be noted, that the developed software is based on the simple linear damage accumulation rule (Palmgren-Miner),the order of occurrence of the stress ranges is ignored by this assumption. This software is therefore valid for structures without significant overloads which is applicable for most civil engineering constructions (bridges and cranes supporting structures), however the length of the cracks is limited by this assumed precondition.
